Abstract-Schemes for motion detection fall into two classes. Reichardt correlators compare spatial luminance patterns at two locations at different times; gradient detectors compare spatial and temporal luminance gradients. Both are candidate operators for biological and machine vision systems. A large body of perceptual data exists, defining the properties of motion detectors used by human observers, which can form a basis for determining which class of detector is appropriate for the human visual system. Plausible versions of each detector were implemented, and their responses to a variety of two-frame stimuli were computed. Results indicated that both detectors can predict most of the data, but on balance gradient detectors offer the best working hypothesis for motion detection by human observers. This conclusion is necessarily limited to the type of stimuli used, and may require modification in the light of responses to continuously moving stimuli.
INTRODUCTION
Motion detection is a basic and essential function in biological and machine vision systems. In biological systems, it is accomplished by specialised processes during the early stages of visual analysis (review in Nakayama, 1985) . The precise properties of these processes are still the subject of debate. Two general theoretical models of the motion detector have emerged: the 'Reichardt correlator' and the 'gradient detector'. This paper uses plausible implementations of each class of detector, and compares their performance in a variety of situations against psychophysical data. All the stimuli considered are two-frame stroboscopic motion displays. The aim is to determine how well each detector performs in predicting the results obtained using these displays.
The Reichardt correlator
This detector, also known as a 'sequence detector', was introduced in the 1960s, on the basis of observations of optomotor responses in the beetle (Reichardt, 1961) and of recordings from cells in the rabbit retina (Barlow and Levick, 1965) . Reichardt correlators extract the sequential patterns of activity which occur at receptors in adjacent retinal locations in response to a moving stimulus. The detector has been widely adopted as a working hypothesis for motion detection in the human visual system, but there have been very few attempts to define a version of the detector appropriate to the human system (Foster, 1971; Sperling, 1984, 1985) . The 'Elaborated Reichardt Detector' of van Santen and Sperling (1984) includes spatial and temporal filters to prevent aliasing.
The gradient detector Recent work in image processing has provided another procedure for motion detection, based on relating the temporal intensity gradient (change over time) at a point in a time-varying image to the spatial intensity gradient (change over space) in the neighbourhood of that point. High spatial gradients define luminance edges, and temporal gradients are created when edges move. Direction may be inferred from the signs of the gradients, and velocity from their magnitudes,
where Vx is velocity in the x-direction, and (dI/dt) and (dI/dx) are the local temporal and spatial intensity gradients in the image in the x-direction. Several workers have proposed algorithms based on the ratio of temporal change to spatial change (Fennema and Thompson, 1979; Limb and Murphy, 1975) , which corresponds to velocity as in Eqn (1). Haynes and Jain (1983) used the product of the two as a measure of 'timevarying edginess'. The only version of the detector applied to the human visual system (Marr and Ullman, 1981) preceded the spatial and temporal differentiation with bandpass spatial filtering, and also used a product, though a ratio comparison is plausible psychophysically (Harris, 1986; Johnston and Wright, 1986) .
Psychophysical data There is a very large body of data available on motion detection by human observers. Much of these data have served to establish the performance parameters of the human system. A small number of studies have attempted to distinguish between the two available models for detection, usually (if at all) implementing only one of the detectors to generate predictions. A number of studies of motion perception have used stroboscopic motion displays, in which two or more static frames are presented in rapid succession to create a stimulus for motion detection. This paper will examine five simple displays, in which the basic stimulus involves two frames presented in sequence. Each display was selected either because any plausible model should be able to explain the perceptual effects it creates, or because the display was claimed to discriminate between detector models. The five displays are described below.
(1) Random dot kinematograms (RDKs). Braddick (1973 Braddick ( , 1974 proposed the existence of a primitive low-level motion detecting process (the 'short-range' process) in human vision on the basis of his observations with random dot displays: two successive frames contain uncorrelated random texture, except for a patch in the centre of each frame which is perfectly correlated. If the location of this patch is displaced slightly in one frame relative to the other, observers can detect movement, but only when the displacement is small (about 15 arcmin in Braddick's experiments) and the time interval between frames is less than about 100 ms. Numerous studies since these early ones have used RDKs to probe the properties of early motion processes. In some studies the surrounding dots are static rather than dynamic, and in others the whole field of dots undergoes displacement. The limiting displacement varies according to eccentricity and the spatial frequency content of the RDK. Any adequate detector must be able to signal motion in RDKs over a restricted range of displacements.
(2) Reversed apparent motion. Anstis and Rogers (1975) were the first to describe a curious illusion of apparent motion. If a static display is replaced by a photographic negative of itself (i.e. contrast reversed), displaced slightly in a particular direction (e.g., right) observers report apparent motion in the opposite direction (e.g., left). Anstis and Rogers reported that the effect only occured at short displacements (below 10 arcmin). Several later studies confirmed the effect using various displays which all involve contrast reversal (Gregory and Heard, 1982; Anstis and Mather, 1985; Anstis and Rogers, 1986; Shadlen and Carney, 1986) . A plausible model of motion detection must be able to predict reversed apparent motion.
(3) Fluted square wave. Adelson (1982) found that when the fundamental component of a square wave grating is removed, quarter-cycle displacements in one direction (e.g., right) are seen as motion in the opposite direction (e.g., left). Adelson's explanation was couched in terms of processes which extract Fourier components (the third harmonic moves a quarter-cycle in the opposite direction to the square wave's displacement). It is an open question whether either or both of the motion detectors described here can predict the illusion.
(4) Flashed edges. Mather (1984) and Moulden and Begg (1986) described a motion illusion which they argued favoured gradient detectors rather than correlators. If a stationary luminance edge is suddenly presented in a previously uniformly illuminated field, apparent motion is seen at the onset of the edge. Perceived direction depends on the intensity of the uniform field and the luminance polarity of the edge: fields at least as bright as the maximum intensity of the edge lead to apparent motion from the dark phase of the edge into its light phase, and fields at least as dark as the minimum intensity of the edge lead to apparent motion from the light phase of the edge into its dark phase. The effect is probably related to Gamma movement (Boring, 1942) , which is the apparent change in size of an object during changes in illumination. Predictions described in Mather (1984) and Moulden and Begg (1986) were based on the general properties of the gradient and Reichardt detectors, as discussed in Derrington (1985) and Mather (1985) . It remains to be seen whether plausible implementations of the two detectors can predict the observed directions.
(5) Modulated edges. van Santen and Sperling (1984) and Moulden and Begg (1986) used motion displays which contain the same elementary component-a stationary edge which suddenly increases or decreases in mean luminance. Increases in mean luminance lead to perceived motion from the light phase of the edge into its dark phase, and decreases in mean luminance lead to perceived motion from the dark phase of the edge into its light phase. van Santen and Sperling (1984) argued that the result was consistent with correlators, while Moulden and Begg (1986) argued that it was consistent with gradient detectors. Implementations of the two detectors will be applied to the stimulus to test these conclusions.
Thus, a number of displays offer the prospect of assessing the adequacy of current detector models. '
MODEL DEFINITIONS
In a previous paper (Mather, 1987) , explicit computational definitions of Reichardt and gradient detectors were made, in order to test their performance against data obtained in a direction discrimination task. Modelling results favoured a gradient detector which took the ratio of temporal change to spatial change. The detectors employed in that paper form the basis for the detectors used here. Does the gradient detector have a general advantage over the Reichardt correlator, or was the result in Mather (1987) peculiar to the kind of task used? Implementation of the Reichardt correlator The general form of the detector is depicted in Fig. 1 , left. Two spatial filters (SF), with receptive fields positioned a short distance apart on the retina, form the inputs. Their responses are multiplied together in pair of mirror-symmetrical sub-units (L, R). A lowpass temporal filter (At) is applied to the signal from one input filter to each sub-unit, and the output of one sub-unit is subtracted from the output of the other to give a motion signal. The input filters are separated by a distance equal to one quarter-cycle of their centre spatial frequency, as specified by van Santen and Sperling (1984) , to avoid spatial aliasing. The response of the detector to a two-frame display is given by, where is the response of the right-hand receptive field to frame n, and R1eft,n(x) is the response of left-hand receptive field to frame n. (van Santen and Sperling demonstrated that for responses to two-frame displays, there is no need to include a term for temporal averaging because the temporal properties of the display remain fixed).
Implementation of the gradient detector
The gradient model is shown in Fig. 1 , right. The response of a spatial filter divides into two paths. One path (T) computes change in response over time by subtracting filter response at time t from response at time t + At. It is defined as follows for the two-frame displays Figure 1 . Two models for motion detection. The Reichardt correlator or sequence detector is shown on the left (this and other figures refer to it as SEQUENCE or SEQ). It receives inputs from two spatial filters (SF). A pair of mirror-symmetrical sub-units (L, R) multiply the output of one filter by the temporally filtered (At) output of the other filter. The output of one sub-unit is subtracted from the output of the other to give a signal which reverses in sign as motion direction reverses. The gradient detector (right) receives an input from a single spatial filter. One channel (T) differentiates the filter response over time ( -At), and a second channel (S) averages the filter response over time ( + At) before differentiating it over space (As). The S and T channel outputs are multiplied or divided (OP) to give a motion signal.
where is the response of the filter to frame n. The second path (S) signals change in response over space, defined as follows for two-frame displays where R"(x) denotes the filter response in frame n. Filter responses to the two frames are summed, and then differentiated over space (As).
Two variants of the gradient detector were implemented. In one, the product of T(x) and S(x) was computed as the response, and in the other the ratio of T(x) to S(x) was computed. In both versions, T and S responses were thresholded before combination, at a small percentage of the maximum response (determined by trial-and-error), to avoid the intrusion of low-level noise. This threshold level remained fixed throughout the modelling, regardless of the stimulus being considered.
Input filters
The same input filter was used for both classes of model, a difference-of-Gaussian or DOG function, defined as Two filter widths were used. The narrower filter corresponded to Wilson and Bergen's (1979) T mechanism, with S. (excitatory space constant) equal to 0.083 arcdeg, si (inhibitory space constant) equal to 0.249 arcdeg, and k (balance ratio) equal to 0.9. This filter has a centre frequency of 2 cpd, so when a pair of filters was used as the inputs to the Reichardt correlator, they were separated by 0.125 arcdeg. The wider filter corresponded to Wilson and Bergen's (1979) U mechanism, with s, equal to 0.124 arcdeg, si equal to 0.372 arcdeg, and k equal to 0.6. The filter has a centre frequency of 1.1 cpd, so the pair of filters in the Reichardt correlator were separated by 0.23 arcdeg.
These filters were selected because they are plausible estimates of early visual filters in the human visual system, derived from psychophysical data.
Response measure Each stimulus produces a spatially distributed response. For some stimuli, some parts of the display may give leftward signals while others give rightward signals. Simply taking the maximum response can be misleading in such situations. A response measure is needed which takes account of conflicting signals, but is weighted according to magnitude. The following simple measure was adopted, where is the (positive) sum of all leftwards responses and ¿Rr is the (negative) sum of all rightwards responses (in other words, the areas under the leftwards and rightwards responses). Note that in the computations rightwards signals are negative and leftwards signals are positive, so R can vary between -1 (whole display signalled rightwards) and + 1 (whole display signalled leftwards).
Computational details
Modelling was carried out on a DEC VAX11/780 computer. Stimuli, filters, and responses were held in one-dimensional arrays of real numbers, 1024 elements long. The arrays were scaled so that adjacent elements represented samples separated by 6 Figure 2 . Detector responses to an array of 128 random elements (each 2 arcmin wide with a 50% probability of being light or dark) which shifts location rightwards from frame 1 to frame 2. arcsec (except for the RDK simulations, which were based on a separation of 15 arcsec). To compute a response to a two-frame display, the stimuli in the two frames were held in two separate arrays. Each stimulus array was convolved with one of the two filters described above, and then the responses in the two frames were combined in a third array, according to the detector specifications given earlier. Responses were truncated to avoid artifacts near the borders of the arrays. Finally the response measure R (Eqn 6) was computed from the truncated array of detector outputs. The computer program gave visual renderings of all stimuli and responses on a VDU (hardcopies are shown in Fig. 2a) , so it was easy to verify that results were not dominated by responses in a very small part of the display.
Example
As an illustration of the modelling procedure, consider Fig. 2a . The topmost trace represents the first frame of a two-frame random element motion display. Each element is 2 arcmin wide, set to dark or bright with 50% probability. It was held in an array (a,) as a set of 1024 real numbers, with blocks of eight array elements set randomly to 100 or 200 arbitrary units (recall that adjacent elements represent samples spaced at 15 arcsec intervals; similar minimum and maximum luminance values were used throughout the modelling). Frame two of the display (lower trace) is identical to frame one, but shifted rightward by 8 arcmin. It was held in a second array (a2), which was a copy of al shifted by 32 elements (empty elements at the edge of a2 were filled with values propagated from the last value in the original array). The two arrays were convolved numerically with one of the two filters defined above.
To compute the Reichardt correlator response, the filter outputs in arrays in 1 and 2 were combined in a third array (a3) according to Eqn (2). For example, for the narrower filter, detector response at position x in a3 was computed by multiplying filter output at array position x + 15 in al with output at array position x-15 in a2, subtracting from this the product of output at position x + 15 in a2 and output at position x-15 in al.
Recall that the separation of the narrow pair of filters is 0.125 arcdeg. This corresponds to 30 array positions when the scale is 15 arcsec/element. Computed response a3 is depicted in Fig. 2 , with rightward signals filled in black. The response measure yielded a value of -0.56 (a rightward signal, Eqn 6).
To compute gradient detector response, T channel response was given by subtracting filter output at each array position in al from output at the corresponding position in a2 (to approximate a temporal derivative, Eqn 3). S channel output was given by first summing al and a2 values at corresponding positions (to approximate temporal averaging) and then differentiating the averaged response over space (taking the difference between response at array position x and response at position x + 1; Eqn 4). T and S responses were either multiplied or divided, and the results are shown in Fig. 2 . The response measure yielded a value of -0.93 for both the product and the ratio.
MODELLING RESULTS

Random dot kinematograms '
As described above the stimulus in frame 1 was a row of 128 elements, each 2 arcmin wide and set either to dark or to bright with 50% probability. In frame 2 the row of elements shifted rightwards by one of eight displacements of between 4 and 32 arcmin. Detector responses were computed for eight displacements of six different rows and then averaged at each displacement, to avoid the risk of obtaining unrepresentative results from just one row. Figure 2b shows the mean response of each model at each displacement, using each filter. All models correctly detect the direction of displacement at short distances (negative responses), but fail at distances greater than about 10-20 arcmin. In this respect, they are all consistent with psychophysical data. The wide filter allowed greater displacements to be detected than the narrow filter. The correspondence problem is often discussed in the context of RDKs: 'how is an element in frame 1 matched with its partner in frame 2?'. One explanation offered for the displacement limit is that the number of false targets increases hugely as displacement increases (e.g., Lappin and Bell, 1976) . However, these simulations demonstrate that the psychophysical data can be explained by the properties of individual detectors. In a sense, the detectors avoid the correspondence problem by spatially filtering the random dot array (minimising false targets) and then seeking matches only over a relatively short distance.
Reversed apparent motion The stimulus was a bright bar (width 10 arcmin) in frame 1 which shifted to the right in frame 2, either with or without a reversal in contrast. Figure 3 depicts the response of each detector as a function of displacement, using the narrow filter. The upper traces represent results when the bar moves to the right without reversing contrast-all models signal rightward motion. The lower traces represent results when the bar reverses contrast in frame 2-now all detectors signal leftward motion at short displacements. This reversed motion was also signalled by the wide filter (not shown).
To examine the effect of contrast-reversal in RDKs, responses to one of the element rows used in the previous section were computed again, this time with the stimulus reversed in contrast in frame 2. Results were very similar to those in Fig. 3 : response at each displacement reversed in sign, and crossed the zero point on the ordinate at the same displacement.
Fluted square wave Frame 1 contained a 1 cpd square wave minus its fundamental. In frame 2 the square wave shifted to the left by 15 arcmin (a quarter of a cycle). Figure 4 shows the motion signalled by each model. All responses are rightward, consistent with the reported effect of direction reversal, except for the wide filter used by the Reichardt detector.
Flashed edges
Frame 2 contained a luminance edge, dark on the left and bright on the right. Frame 1 contained a uniform field. In one simulation, the uniform field was dark (equal to the minimum luminance of the edge); observers report rightwards motion when presented with this stimulus (Mather, 1984; Moulden and Begg, 1986) . In a second simulation, the uniform field in frame 1 was light (equal to the maximum luminance of the edge); observers report leftward motion in this display. Modelling results are shown in Fig. 5 . Both variants of the gradient detector give responses consistent with the perceptual reports, but the correlator does not-it signals rightward motion in both conditions.
Modulated edges
In these simulations, both frames contained a luminance edge, dark on the left and bright on the right. In one simulation, the mean luminance of the edge increased from frame 1 to frame 2, while in a second simulation mean luminance decreased. The change in mean luminance was equal to the amplitude of the edge (which remained constant).
According to the psychophysical data of van Santen and Sperling (1984) and Moulden and Begg (1986) , leftward motion is seen when mean luminance increases and rightward motion is seen when mean luminance decreases. Modelling results (Fig. 6) reveal that all models, using both filter widths, give responses consistent with the psychophysical data. 
CONCLUSIONS
A striking feature of the simulations is the similar performance of the three detectors in most situations, exemplified by the data for RDKs (Fig. 2) and reversed apparent motion displays (Fig. 3) . Table 1 summarises the results obtained in the present study, and includes the results of Mather (1987) which were based on the same detectors. Stimulus paradigms are arranged in rows, and detectors are arranged in columns. A filled symbol denotes that the detector in that column can predict the psychophysical results obtained with the paradigm in the corresponding row. An open symbol denotes that the detector cannot predict the data. In four of the six displays, all detectors can predict the data. There are two exceptions: flashed edges, and edge displacement thresholds. In both cases, a Reichardt correlator cannot predict the data whereas a gradient detector can.
These results indicate that, on balance, the gradient detector offers the best working hypothesis for human motion detection, though in most situations the two kinds of detector perform equivalently. The modelling assumed a linear contrast response, but should not be affected materially by a nonlinear transduction stage, especially as most predictions were based on the sign of the response rather than its exact magnitude. Receptor nonlinearities may produce slight variations in the effective positions of edges (Mather and Morgan, 1986) , amounting to a few seconds of arc. Such variations are very small relative to the displacements used here. However, it should be noted that the conclusions which can be drawn from the data are limited in several respects. Most importantly, the modelling was confined to twoframe displays of stroboscopic motion, and performance may change significantly in response to stimuli undergoing real motion. The response of pure gradient detectors based on ratios increases monotonically as velocity increases (Eqn 1). This velocity dependency can account for some psychophysical properties of real motion, such as the velocity dependency of motion thresholds (at least for shorter durations; Johnson and Leibowitz, 1976) , variations in perceived velocity with eccentricity (as concluded by Johnston and Wright, 1986) , and the constant pattern-to-flicker sensitivity ratio found for specific velocities (Harris, 1980 ; perhaps reflecting the sensitivities of S and T channels).
A second limitation is that the analysis dealt only with one-dimensional stimuli.
Thirdly, a variant of the Reichardt detector different from the one used here may be more successful in accounting for the psychophysical data (though van Santen and Sperling (1985) demonstrated that their detector is equivalent to other correlators proposed by Watson and Ahumada (1985) and by Adelson and Bergen (1985) ). Finally, the modelling did not allow for possible interactions between detectors. Derrington and Henning (1987) and Henning and Derrington (1988) describe a motion illusion generated by a complex grating containing two components having different spatial frequencies, one stationary and the other moving. Neither of the simple detector models considered here can explain the effect fully. Perhaps an adequate explanation will require some form of interaction between detectors tuned to different spatial and/or temporal frequencies, as Henning and Derrington suggest. In the light of these limitations, further research is needed to evaluate detector performance in a wider variety of conditions.
